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Abstract 
 
For a decade, graphene has been mainly used for III-nitrides based light emitting diodes (LEDs) 
as a transparent and current spreading layer by chemical vapor deposition (CVD) growth 
method. Herein, we report new stack design, graphene double-sided InGaN/GaN multiple 
quantum well structures, which can be applied as both a buffer layer and a transparent 
conducting electrode. The InGaN/GaN MQW structures on graphene buffered GaN template 
show enhancement of indium phase separation with a rougher GaN surface than conventional 
MQW systems on two-step growth GaN films. The MQW structures on one-step GaN using 
graphene coating layer display high internal quantum efficiency (IQE) value and negligible 
emission wavelength peak shift along current density change, which is similar characterization 
of polarization free quantum dots (QDs). Furthermore, a CVD monolayer graphene transferred 
onto the top of the p-GaN/MQWs/n-GaN/u-GaN/graphene/sapphire heterosystem, which has 
high transmittance in ultraviolet regions than indium tin oxide (ITO) layer and lower forward 
voltage than MQW structures with sole graphene buffer layer. This unique stacking method 
diversifies graphene applications for future optoelectronic devices based on III-Ns compound 
semiconductor. 
 
Keywords : Gallium Nitride (GaN), Graphene, MOCVD, Multiple quantum well (MQW), Diffusion 
Assisted Synthesis (DAS). 
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Chapter 1. Introduction. 
 
Since Pankove et al. reported the first GaN-based light-emitting diode (LED),1 III-Nitrides have been 
attracted for its unique properties such as wide direct bandgap range from about 0.7eV to 6.2eV, 
covering full color wavelength from ultraviolet through blue and green to yellow and red, hardness, and 
chemically inert. Nevertheless, many early researchers were having hard time for searching suitable 
GaN substrates due to large lattice mismatch between substrate and GaN thin film. The resulting 
epitaxial films exhibited poor surface morphology and a high threading dislocation densities (TDDs). 
In the mid-1980s, these problems began to be overcome, in virtue of the work of Isamu Akasaki at 
Nagoya university and Shuji Nakamura at Nichia Chemical Company in Japan. The use of AlN2 or 
GaN3 buffer layers exploited the growth of high-quality GaN films on sapphire substrates by metal 
organic chemical vapor deposition (MOCVD). Another breakthrough was the first successful 
fabrication of p-type GaN by low-energy electron-beam irradiation (LEEBI) of Mg-doped GaN.4 In 
addition, Nakamura developed that high quality InGaN films towards the fabrication of InGaN/AlGaN 
high-brightness LEDs in 1994.5 Eventually, Nakamura et al. succeeded, in 1995, in manufacturing the 
first nitride-based blue laser diode with continuous-wave room-temperature emission at 417nm 
wavelength.6  
Currently, GaN-based blue and green LEDs widely used as in full-color displays, in red-yellow-green 
traffic signal, and in headlight. For LEDs, optimizing multiple quantum well (MQW) structures is very 
critical point due to internal quantum efficiency (IQE). The IQE is the ratio of the number of photons 
emitted from active region per second to the number of electrons injected into LED per second. This 
parameter is prone to be affected by point defects and dislocations which act as non-radiative 
recombination centers. Especially for GaN based compound semiconductor, strong piezoelectric 
polarization effect induced by large lattice mismatch between GaN and InN also play a role in reducing 
IQE. In addition, the polarization induced internal electric field, oriented parallel to the {0001} axis, 
leads to a tilting of the band profile of the quantum well and barrier regions. The tilted potential profiler 
caused reduction in the ground state recombination energy and a spatial separation of the electron and 
hole pair wavefunctions, known as the quantum confine stark effect (QCSE).7-9  
 A number of approaches have been suggested to eliminate the QCSE in c-axis sapphire substrate 
including internal electric field decrease by controlling the polarization and the strain in the active 
regions,10-15 alternative non-polar direction substrate,16,17 and buffer layer engineering for reducing 
compressive strain of GaN films.18,19 However, those of researches are prone to be affected by 
environmental factors such as pressure, temperature, growth time and V/III ratio. Thus, unusual 
approaches to overcome this problem should be suggested to solve the inveterate lattice and thermal 
mismatch between epitaxial GaN films and the sapphire substrate in a shorter way.  
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Graphene, a single two dimensional sp2 hybridized form of carbon sheet, is known as amazing material 
for various field applications due to its excellent thermal conductivity, optically transparency, high 
mechanical strength, and high electron transportation properties.20-26 To produce graphene, several 
synthesis methods have been proposed both top-down and bottom-up approaches. For top-down 
approaches, there exist mechanical exfoliation using scotch tape method from graphite powder20 and 
chemical exfoliation using strong acidic solution to break Van Der Waals force within stacking form in 
graphite.26 For bottom-up approaches, there exist epitaxial graphene from SiC substrates by thermal 
decomposition reaction27-29 and chemical vapor deposition (CVD) growth on transition metals from 
hydrocarbon gaseous source.30-33 Among them, chemical vapor deposition (CVD) method has been 
attracted to synthesize large-area and high-quality graphene layers for mass production applications. In 
addition, these large area graphene display distinct wetting property between atoms and substrate by 
intermolecular interactions.34-36 It means that graphene can be applied as a coating layer for various 
surface engineering or minimizing activation energy at interface interaction. In this regard, our group 
succeeded to grow GaN films on c-sapphire substrate using diffusion-assisted synthesis (DAS) 
graphene previously.37-38 With increasing graphene buffer layer thickness, MQW structures on graphene 
buffered GaN template show gradually high structural and optical properties toward conventional 
MQW system. In further study, p-GaN/MQWs/n-GaN stack on graphene buffered GaN template shows 
enhanced performance compare to conventional MQW structures on conventional GaN films. 
Here we report the new stack design, ‘graphene double-sided InGaN/GaN multiple quantum well 
structures’, which can be applied as both buffer layer and transparent conducting electrode using 
diffusion-assisted synthesis (DAS) and CVD graphene. And we suggest the model for QCSE reduction 
mechanism in graphene based III-nitrides structures. 
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1. 1.  Overview of III-Nitrides 
 
1. 1. 1. Structural properties of III-Nitrides 
 
 There are two basic structures of III-Nitride polytype crystals : wurtzite and zincblende (figure 1-1). 
The nearest neighbors of each atom are enclosed in tetrahedron structures. The difference between 
wurtzite and zincblende structures is the only in different stacking sequence of tetrahedral III-Nitride 
group bilayers. Consequentially, the atomic environments are closely same, but the total symmetry of 
the hole crystal is made up by the stacking periodicity. In the zinceblende structure, the closet diatomic 
planes are staggered each other, but in the wurtzite structure the closet diatomic planes are eclipsed each 
other. From this difference, the stacking sequence can be determined as “ABABAB…” for the zinc 
blende structure and as “ABCABCABC…” for the wurtzite structure. 
 III-Nitride crystals are stable with a hexagonal symmetry, belonging to the point group 6mm, and do 
not have a center of symmetry. Thus they own unique structural polarity properties such as growth, 
etching, defect generation, plasticity, photoemission, and piezoelectricity. In addition, the large gap in 
electronegativity between the group III metal and nitrogen also induce very strong chemical bonding, 
which is the main reason for the odd III-Nitride physical properties. Such poly-type is common in wide 
band gap semiconductors. The GaN, AlN and InN which are wurtzite poty-type materials form a 
continuous alloy system. The III-Nitride direct band gaps reach from 6.2 to 0.7 eV. This band gap range 
covers the visible spectrum as well as the near ultraviolet region, as shown in figure 1-2. The direct 
band gap is most appropriate for optoelectronic device applications. So, it is very important to study 
relationship between the lattice constant versus energy gap of each material and their alloys. Other 
parameters are listed in Table 1-1. 
  
 
1. 1. 2. Optical properties of III-Nitrides 
  
 Unlike any other non-nitride wide band gap III-V compound semiconductors, III-Nitride is a direct 
band gap materials, which have succeeded to applied to various optoelectronic devices. The III-Nitrides 
AlN, GaN, and InN usually have wurtzite crystal structure. To calculate the energy band structure in 
wurtzite crystals, the effective mass approximation method is used for multiband perturbation approach. 
This method is commonly called as k∙p theory, which uses a minimal set of parameters. It provides a 
continuation in the wave vector k of the energy bands in the neighbor of some particular points in the 
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Brillouin zone. As shown in figure 1-3, three free exciton peaks are observed and their binding energies 
are recounted about 30meV-40meV in the high structural quality of GaN.41 In this figure, a typical 
structure and symmetries of the lowest conduction band and the upmost valence bands in wurtzite GaN 
at the Γ-valley (k~0) are shown.42 The three excitons are corresponding to the electron recombination 
from the conduction band bottom to valence band tops at the Γ-valley: heavy hole, light hole, and 
crystal-filed split-off, respectively.39 
 
 
1. 1. 3. Electrical properties of III-Nitrides 
 
 Undoped III-Nitirdes 
 
 Normally, without any dopant during the growth of GaN, the as-grown GaN indicates natural n-type 
conductivity. Because the N vacancy is acted as native oxygen defect, and it is assumed that the donor 
oxygen is n-type. Furthermore, the role of this native N vacancy has been reported by PL analysis to be 
a shallow donor with an ionization energy of about 21meV.43 The GaN film grown with a nucleation 
layer generally has an electron concentration of 1016 cm-3 compare to without nucleation layer an 
electron concentration ranging from 1018 to 1020 cm-3 owing to high defect density. In table 1-2, the 
highest electron mobility of GaN epilayer and InN layer is 1000 and 3500cm2/V∙s, respectively.40 Also, 
the nitrides have good thermal conductivity. The fact that the nitrides can endure high temperature 
process makes device applications easier compare to silicon-based device processes. In addition, for 
high power devices, high breakdown voltage which III-Nitride has much higher than silicon is one of 
the advantages for the fabrication of the high power field effect transistor like high-electron mobility 
transistor.  
 
n- and p-type doping of III-Nitirdes 
 
 The as-grown GaN thin film has intrinsic n-type carriers and the doping level is normally higher than 
1016 cm-3. Oxygen is commonly founds as an impurity in GaN layers and contributes to the n-type carrier 
concentration.43 The most common n-type dopant in GaN is silicon. So, monosilane (SiH4), disilane 
(Si2H6), or tetraethylsilicon (TESi) have been used as a Si precursor. Controllable silicon doping of GaN 
has been practiced over a wide range of doping concentrations from 1017 cm-3 to 5 x 1019 cm-3. A lot of 
groups have reported linear increase of the electron concentration with the silicon/Ga ratio using van 
der Pauw measurement at room temperature.44-46 The more electron concentration is increase, the less 
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electron mobility is achieved due to impurity scattering. Murakami et al., reported that high Si doping 
levels invoke cracking of GaN films grown on sapphire.47 Additionally, high Si doping shows a low 
resistance ohmic contact n-type GaN for light-emitting diodes. 
 P-type doping of GaN is difficult because as-grown GaN film is intrinsically n-type semiconductor. 
To fabricate highly efficient devices such as p-n junction and laser diodes, p-type doping in GaN is 
essential process. Recently, highly doped p-GaN films with a doping level of 1018 cm-3 ~ 1019 cm-3 have 
been demonstrated using magnesium.48-50 Magnesium take place in cation sties and acts as a shallow 
acceptor in GaN. For complete p-type doping in GaN growth using MOCVD, a post-growth annealing 
is inevitable procedure in order to neutralize the Mg acceptor using hydrogen gas. The post growth 
annealing is implemented at temperature 700°C~900°C51 or by a low energy electron beam (LEEBI) 
technique.52 The reported highest hole concentration attained from MOCVD is 3 x 1018 cm-3.48,49 The 
doping level of the active layer should be optimized depending on the applications, since excessive 
doping levels decrease the mobility of carriers by impurity scattering and poor doping levels cause high 
resistive p-type capping layers. 
 
 
1. 1. 4. Quantum Confined Stark Effect (QCSE) of InGaN/GaN MQWs 
  
Both the quantum size effect and the internal electric field caused by the large piezoelectricity of III-
nitrides are verified to greatly affect the luminescence properties of low dimension structures. For GaN 
films grown on the c-axis sapphire substrate, it is found that [0001] oriented thin InGaN active layers 
suffered from biaxial compressive stress. In this case, a piezoelectric field is induced since III-nitrides 
have large piezoelectric constants with [0001] direction.53 Thus, optical properties of [0001] oriented 
InGaN stained QWs should be strongly influenced due to the quantum confined stark effect (QCSE). 
The internal fields in the InGaN strained layer on thick GaN are theoretically calculated by many 
research groups. In the calculation, a thin InGaN layer is assumed to be coherently grown on a thick 
GaN layer along the [0001] direction. The InGaN layer has the same a-axis lattice constant as the GaN 
layer, and it is under biaxial compressive stress perpendicular to [0001] direction. The strain elements 
in the case of a wurtzite structure are  
 
ε𝑥𝑥 =  ε𝑦𝑦 =
𝑎𝑠−𝑎𝑒
𝑎𝑒
 ,    ε𝑧𝑧 = −
2𝐶13
33
∙ ε𝑥𝑥 
 
ε𝑦𝑧 = ε𝑧𝑥 = ε𝑥𝑦 = 0, 
 
６ 
 
Where ae, as, and Cij are the free-standing a-axis lattice constants of the epitaxial layer (InGaN) and 
the substrate (GaN), and the elastic stiffness constants for the epitaxial layer, respectively. The electric 
field along [0001] in the strained layer due to the piezoelectric effect is given by 
 
𝐸𝑧 =  −
𝑃𝑧
ε𝑟 ∙ ε0
 
 
 Where εr and ε0 are the dielectric constant of the material and the permittivity in free space, respectively. 
A piezoelectric field as large as a 1~2MV/cm reported.54,55 Figure 1-4 shows the QCSE of the 
InGaN/GaN MQW between the n-GaN and p-GaN layer.56 
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Figure. 1 - 1. Crystal structures of the GaN wurtzite and zinc blend polytypes. 
 
 
 
 
 
Figure. 1 - 2. The lattice constant versus band gap energy for selected III-nitrides. 
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Materials Symmetry 
Lattice constant 
(nm)(a,c) 
TEC 
( x 10-6 K-1)(a,c) 
GaN (W) Hexagonal (0.1389,0.5185) (5.59,3.17) 
GaN (Z) Cubic 0.452  
InN (W) Hexagonal (3.548,5.760)  
InN (Z) Cubic 4.980  
Sapphire Hexagonal (0.4758,1.299) (7.5,8.5) 
TEC : thermal expansion coefficient 
 
Table. 1 - 1. Physical constants of III-nitrides and sapphire substrate.39 The thermal expansion 
coefficient values are taken at the temperature of approximately 800°C. 
 
*Nd = 1017cm-3 GaN InN Si 
Bandgap (eV) 3.4 0.7 1.1 
Electron mobility  
(cm2/Vs) @300K 
1000 3200 1400 
Hole mobility 
(cm2/V∙s) @300K 
70 35 450 
Breakdown voltage  
(106V/cm) 
5 1 0.3 
Thermal conductivity  
(W/cm∙K) 
1.3 4.5 1.5 
 
Table. 1 - 2. The electrical properties of GaN compared with other semiconductors.40 
９ 
 
 
 
 
 
Figure. 1 - 3. Band structure for wurtzite GaN.  
 
 
 
Figure. 1 - 4. Absorption in a quantum well in the absence (left) and presence of a transverse electric 
field.56 
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Chapter 2 Experimental Methods and Equipments 
 
 
2. 1.  Materials and Methods 
 
2. 1. 1. Deposition of nickel films 
 
In our experiments, we deposited 100nm-thick nickel film on sapphire substrate using UHV e-beam 
evaporator (UEE-UHV series, ULTECH) for the synthesis of graphene (figure 2-1). To minimize 
environmental impurities and nickel oxide layer on nickel film surface, nickel film was prepared in 
UHV main chamber and high purity nickel solid source (99.99% Ni pellet) was used for deposition. 
And then, nickel film was preserved in load lock chamber for 30min under Ar atmosphere to stabilize 
nickel atom on substrate. 
 
2. 1. 2. Solid carbon sources 
 
We used graphite powder (Aldrich, product 496596) as a solid carbon source. The graphite powder 
dispersed with stirrer by 3000rpm to loosen graphite lumps up. The average dimension of graphite 
powder is ~40μm. The graphite paste is spread on the top of the deposited nickel film surface to arrange 
diffusion-assisted synthesis (DAS) process. 
  
2. 1. 3. Diffusion Assisted Synthesis (DAS) process 
 
Using a 3-inch size molybdenum holder, pressure (~1MPa) is equally added to carbon-nickel/sapphire 
diffusion couple by fastening a bolt with a nut. Then, the samples are placed in a quartz tube which is 
full of Ar gas and anneal for 30-150min at temperature of 160 and 360°C. After graphene growth, the 
samples are dipped in deionized (DI) water and the nickel films are removed by 1M FeCl3 solution, 
remaining behind a nano-crystalline graphene coating layer on the sapphire substrate. 
 
2. 1. 4. MQW structures growth on one-step GaN template using graphene coating layer 
 
Following graphene growth, high temperature undoped GaN films are directly grown on a graphene-
coated sapphire substrate using metal-organic chemical vapor deposition (MOCVD, SYSNEX 
MARVEL 260s) system (figure 2-3). For GaN growth, trimethylgallium (TMGa) and ammonia (NH3) 
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gas are used as gallium and nitride sources, respectively. The high temperature GaN films are achieved 
at the temperature of 1040°C and the pressure are kept at 25 Torr. In addition, three periods of 
InGaN/GaN MQW structures are grown on the GaN template using trimethylindium (TMIn), 
triethylgallium (TEGa) and NH3 gas. The detailed process is shown in figure 2-2.  
 
2. 1. 5. Chemical Vapor Deposition (CVD) graphene transfer 
 
 To exploit graphene as a transparent conducting electrode on the top of the p-GaN layer, thermal 
chemical vapor deposition (CVD, Scentech Thermal CVD100) system is used for synthesizing 
monolayer graphene (figure 2-4). Firstly, the 25μm-thickness copper foils (Goodfellow, No.CU000468, 
cut by 8mm x 8mm) is dipped in aqueous phosphoric acid (H3PO4) bath by electropolishing method 
(power supply system at 10V for 5min). Then, the copper foils is sealed to grow monolayer graphene 
in a quartz tube with methane (CH4) 10sccm and hydrogen (H2) 5sccm for 5min at the temperature of 
1000°C. Finally, using conventional wet transfer method, PMMA/graphene/Cu foil stack is floated on 
the 1M ammonium persulfate (APS, (NH4)2S2O8) solution to eliminate copper foils, leaving 
PMMA/graphene to transfer on the top of the p-GaN layer. The remaining PMMA sacrificial layer is 
dissolved by acetone solution and the graphene on the p-GaN is dried with N2 blow gun. 
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Figure 2-1. Schematic illustration of the UHV e-beam evaporator structure used in this work. The entire 
structure is consisted of a load-lock chamber and a main UHV chamber with cryo pump + rotary pump.  
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Figure 2-2. Schematic images of the entire mechanism of MQW structures growth on one-step GaN 
template using graphene coating layer. The diagrams represent the elementary steps in graphene 
formation, including deposition of nickel films on sapphire substrate, deposition of undoped GaN, 
formation of InGaN/GaN MQW structures with p-GaN capping layer, respectively. 
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Figure 2-3. Schematic structures of MOCVD system for GaN and InGaN/GaN MQW growth. 
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Figure 2-4. Schematic illustration of CVD system for graphene synthesis. 
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2. 2. Analysis tools 
 
2. 2. 1. Raman Spectroscopy 
 
Raman spectroscopy offers the unique ability to acquire carbon-based material information 
nondestructively without specialized sample preparation procedure. In our analysis, the Raman spectra 
is operated with WiTec alpha 300R micro-Raman system using laser wavelength 532 nm (figure 2-5). 
The laser diameter is ~ 600 nm in diameter. The optical lens resolution varies from x10 to x50. In entire 
measurement, we always hold the laser power as 1 mW to protect sample deformation and reproduce 
same experimental condition.  
 
 
 
 
 
 
Figure 2-5. (a) WiTec alpha 300R micro-Raman system (b) Schematic illustration of micro-Raman 
system for graphene analysis. 
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2. 2. 2. Atomic Force Microscopy (AFM) 
 
AFM probes the sample and measures in 3D including x-, y-, and z-axis, enabling the presentation of 
3D images of a sample surface. Furthermore, AFM requires neither a vacuum environment nor any 
specific sample preparation process. AFM approaches the surface of a sample with a sharp tip which 
clings to cantilever. The van der waals forces between the tip and the sample surface causer the 
cantilever to bend or deflect. A detector measures the cantilever deflection while the tip is scanning over 
the sample. The dependence of the van der waals force upon the distance between tip and sample is 
shown in figure 2-6. The images obtained from a Veeco Instruments Multimode V scanning probe 
microscope with Si tips are linearly flattened to clear sample tilt effects during the analysis by using 
v720 imaging program. 
 
    
Figure 2-6. (a) Schematic diagram of van der waals force vs tip distance from sample. (b) Veeco 
Instruments Multimode V scanning probe microscope. (c) Schematic illustration of optical-detection 
for detecting cantilever deflection. 
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2. 2. 3. Transmission Electron Microscopy (TEM) 
 
We used the ion-milling TEM sampling method for cross-sectional-view imaging of GaN films to 
minimize damages and fragments on the films. As a first step, the GaN/graphene/sapphire samples are 
thinned until few μm thickness using standard tripod polishing. And then the final sample is thinned 
using a ion beam miller to create electron transparent sample. Finally, the thinned sample is placed onto 
the Au Quantifoil TEM grids (figure 2-7). To confirm efficient contact at Quantifoil-GaN/substrate 
couples, isopropyl alcohol (IPA) spread on top of the grids and the couples were heated using a torch 
gun for few minutes to vaporize any residual IPA. Furthermore, the Quantifoil-GaN couples were rinsed 
with DI water, IPA and dried with N2 gun. 
BF-TEM imaging was accomplished at 200 keV on a JEOL JEM-ARM300F TEM (figure 2-8). A 
Gatan Multiscan CCD camera was exploited for the image capturing with a pixel size of 1024  1024. 
 
 
 
 
Figure 2-7. Cross-sectional TEM sample preparation.57 
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Figure 2-8. (a) Atomic resolution electron microscope of JEM-ARM300F. (b) Schematic of the 
pumping system in JEM-ARM300F (left), emission stability for the cold field emission 
gun (right). 
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2. 2. 4. High-Resolution X-Ray Diffraction (HR-XRD) 
 
 HR-XRD is a special analysis tool for epitaxial thin film structural analysis, which has no specific 
sample preparation, non-destructive procedure, and high detection sensitivity to strain effect. It can be 
applied to analyze layer thickness, lattice parameter, lattice mismatch, strain & relaxation, chemical 
composition, defects, crystal size, and lateral structure. In this experiment, XRD rocking curve, ω-2θ 
scan, and reciprocal space mapping (RSM) measurements are used for crystallographic evaluation with 
Bruker D8 advance. 
 
 
Figure 2-9. (a) The picture of Bruker HR-XRD D8 advance. (b) Schematic illustration of HR-XRD 
measurement system set-up. 
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2. 2. 5. Photoluminescence spectroscopy (PL) 
  
 In this work, PL is measured at room and low temperature (10K) using the He-Cd laser operating at 
325nm with a power of 30mW which power can be changed by optical filter. In addition, the laser beam 
is focused on the sample surface using focusing lens and the beam intensity is controlled by variable 
ND filter. The monochromator allows selected wavelength signal to be obtained by data processing. 
The figure 2-9 shows the schematic diagram of PL system installed in our research center. 
 
 
Figure 2-10. (a) The picture of photoluminescence spectroscopy (PL). (b) Schematic illustration of 
photoluminescence measurement system set-up. 
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2. 2. 6. Scanning Electron Microscope-Cathodoluminescence spectroscopy (SEM-CL) 
  
 The CL measurements are performed using a 10kV electron beam with a Gatan MonoCL+3 system 
equipped with a high-sensitivity photomultiplier tube (PMT) attached to a scanning electron microscopy 
(SEM, Hitach, S-4300SE). For beam current dependent CL, gun brightness (GB) varies from 5 to 2 
values, while condense lens (C.L.) level is constant as number 3. Furthermore, C.L. level varies as 5, 7, 
9, and 11, while GB values fix at 2 (GB=5+C.L.=3 corresponds 1nA beam current, GB=2+C.L.=11 
corresponds 1pA beam current, respectively.). 
 
 
 
Figure 2-11. (a) The picture of scanning electron microscopy-cathodoluminescence (SEM-CL).  
(b) Schematic illustration of SEM-CL measurement system set-up.  
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2. 2. 7. Ultra Violet–VISible-Near Infra-Red spectroscopy (UV-VIS-NIR) 
 
 UV-VIS-NIR spectroscopy can measure three types of interactions such as reflectance, transmission, 
and absorption for various phase state (liquid, thin film, particle etc...). Using Beers-Bougert-Lambert 
law, we can calculate absorbance and transmittance. 
A =  − log 𝑇 =  − log
𝐼
𝐼0
= log
𝐼0
𝐼
=  𝜀𝑏𝑐  
Above equation shows Beers-Bougert-Lambert law, where: 
 
 
 
 
In this experiment, Agilent CARY 5000 double beam spectrophotometer is used for analysis. This 
double beam system has lower drift of sample, high resolution, large photometric range, and the 
expanded reproducibility/accuracy compare to single beam spectrophotometer (figure 2-12). 
 
 
 
 
 
 
 
 
 
 
Figure 2-12. (a) The picture of Agilent CARY 5000 ultra-violet-visible-near-infra-red spectroscopy 
(UV-VIS-NIR). (b) Schematic illustration of UV-VIS-NIR measurement system set-up.  
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Chapter 3 Results and Discussions 
 
3. 1. Structural properties of InGaN/GaN Multiple Quantum Well structures on one-step growth 
GaN template  
 
After deposition of 100nm nickel films on sapphire substrate using patterned hard mask as shown in 
the figure 2-2, a stirred graphite powder spread uniformly onto the top of the nickel surface. And then, 
carbon/nickel mass was annealed in furnace at 360°C during 150min with molybdenum holder. 
Consequently, the patterned DAS graphene coating layer was synthesized on the sapphire substrate. 
This patterned DAS graphene coating layers were used as a buffer layer to grow direct high temperature 
GaN template. With patterned GaN template, p-GaN/MQWs/n-GaN full structures were continuously 
deposited for optoelectronic applications and structural/optical property evaluations. Figure 3-1 shows 
the entire growth diagram of graphene-based LED full structures and detailed recipes. In this 
experiments, the chamber pressure reduced from 200torr to 25torr compare to conventional GaN 
template growth condition. Because high chamber pressure accelerates 3D growth mode of GaN thin 
films on graphene buffer layer. To confirm MQW structures on graphene based GaN films, bright field 
cross-sectional TEM analysis implemented as shown in figure 3-2. Both TEM image and depth profile 
of greenish dotted region in figure 3-2 prove that three periods of InGaN(2nm)/GaN(20nm) MQW 
structures are perfectly formed between thick n-GaN (3.5μm) and thin p-GaN (70nm) layer. In addition, 
AFM measurements of four different growth condition were done to identify surface roughness (scan 
size 10μm x10μm). In figure 3-3, GaN template with and without graphene buffer layer shows 0.397nm 
and 1.56nm roughness, respectively. Also, p-GaN/MQW structures on two different GaN films indicate 
0.445nm and 1.78nm. It means that inserted DAS graphene layer induces rougher GaN surface 
morphology than low temperature GaN buffer layer. And this rough GaN surface morphology sustained 
during MQW growth process occurring rough p-GaN/MQW structures. This results will be verified in 
optical property section with redshift of emission wavelength at room temperature PL measurement. 
Furthermore, to investigate strain relaxation of InGaN/GaN MQW structures on two different GaN 
template, reciprocal space mapping (RSM) was measured by high resolution X-ray diffraction (HR-
XRD). The RSM results of both conventional and graphene based MQW structures are shown in figure 
3-4. The black dashed lines indicate fully strained InGaN layer on GaN template. In special, the 
alignment of the satellite reciprocal lattice points along the GaN fringes perpendicular to qx axis in the 
conventional MQW structures demonstrates that MQW structures have coherently grown on the GaN 
template. On the contrary, graphene based MQW structures exhibit not fully strained alignment along 
the GaN fringes and the characteristic broadening of the (105) reciprocal lattice points parallel to the qx 
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direction. It means that not perfect crystallographic QW but sign of active layer/barrier intermixing. In 
other words, in graphene based InGaN/GaN MQWs, indium-rich QD-like regions are formed by 
enhanced phase separation of InGaN layers. Therefore, strain redistribution occurs in the QD-like 
regions which can induce strain relaxation in InGaN/GaN heterostructures.  
Lastly, for graphene buffer layer thickness, our nickel films deposited on the sapphire substrate have 
a critical thickness of interface gap between nickel and sapphire. Thus, the basal plane of DAS graphene 
layer (not ridge) has 8nm-thickness limit. If this interface gap problem solved, crystallographic quality 
of GaN on graphene will be improved as indicated in rocking curve FWHM results (figure 3-5).  
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Figure 3-1. Experimental scheme of MOCVD growth recipe. 
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(a)                          (b) 
             
Figure 3-2. (a) Cross-sectional bright-field TEM image of MQW structures on graphene buffered GaN 
template (b) Depth profile of dotted area of the cross-sectional bright-field TEM image.  
 
 
 
 
 
 
 
 
 
 
 
20 nm 
２８ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3. AFM image of GaN on (a) low temperature GaN buffer layer and (b) graphene coating layer.  
AFM image of MQWs on (c) GaN buffer layer and (d) graphene coating layer. All of 
samples are capped by 70nm p-GaN layer.  
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Figure 3-4. (105) reciprocal space mapping images of (a) conventional In0.18Ga0.82N/GaN MQWs on 
two-step growth of GaN template and (b) In0.24Ga0.76N/GaN MQWs on graphene buffered 
GaN template. The black dashed line indicate fully strained InGaN layer, whereas the red 
dashed line shows fully relaxed InGaN layer.  
 
 
 
 
(a) (b) 
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Figure 3-5. FWHM value of (002) rocking curve with different buffer layer thickness. 
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3. 2. Optical properties of InGaN/GaN Multiple Quantum Well structures on one-step growth 
GaN template 
 
We measured optical properties of MQW structures on graphene coating layers at room-temperature 
with photoluminescence (PL) system using He-Cd 325nm laser. Emission wavelength of graphene 
based MQW structures was 462nm compare to conventional MQW case (447nm) in figure 3-5-(a). This 
redshift corresponding to 15nm originated from indium phase separation on rough GaN template. As 
related results, I. –K. Park et al., reported that rough GaN template can increase self-assembled In-rich 
quantum dots (QDs) by enhanced indium phase separation in the InGaN layer, which was grown on a 
rough GaN layer.58 In addition, this rough GaN template surface showed a root mean square (RMS) 
roughness of 2.35nm almost similar result in structural property section in 3.1. and InGaN/GaN MQW 
structures also indicated red shift of PL emission wavelength about 10nm compare to conventional 
InGaN layer on flat GaN films. However, the intensity of emission in the InGaN/GaN MQWs on GaN 
using graphene coating layer was about two times lower than in the InGaN/GaN MQWs on conventional 
GaN. Because the diffused carbon atom in graphene ridge region (not in basal plane) during GaN growth 
makes entire epi-layer opaque compare to mirror-like high quality GaN films synthesized by two-step 
methods.38 Nevertheless, MQWs structures on graphene based GaN template showed better internal 
quantum efficiency (IQE) value around 55% than MQWs structures on two-step growth GaN films, as 
shown in figure 3-5-(b). Furthermore, laser power dependent PL measurement executed from 6mW to 
30mW [figure 3-5-(c)]. In this analysis, graphene based MQWs displayed no emission wavelength shift 
while laser power was changing contrary to conventional MQWs sample. It means that graphene based 
MQW structures has quantum-confined stark effect (QCSE) free property. To ensure optical quality of 
graphene based InGaN/GaN MQWs, scanning electron microscopy-cathodoluminescence (SEM-CL) 
system was used for obtaining top surface mapping images. In figure 3-6-(a) and (b), top-view of SEM 
image results indicated surface morphology of graphene based MQW sample was almost equal to MQW 
structures on conventional GaN films. From monochromatic CL mapping images, graphene based 
MQW structures show more localized luminescence centers by enhanced indium phase separation than 
those of conventional MQW structures [figure 3-6-(c) and (d)]. At last, emission peak wavelengths of 
MQWs on graphene coating layer and conventional c-plane MQWs as a function of current density 
compared with low current and high current injection cases which are applied to A zone and B zone, 
respectively (figure 3-7). For zone A case, graphene based MQWs showed 43meV blue shift which was 
higher than conventional MQWs case (25meV). This blue shift came from band tail states filling caused 
by indium phase separation on rough morphology of GaN template. During low current injection 
increment, band tail states were filled firstly since they have the lowest band gap energy. In contrast, 
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for B zone case, graphene based MQWs showed fixed peak wavelength compare to conventional 
MQWs. This suggests the existence of weak polarization fields within localized luminescence centers 
(LLCs) formed in InGaN/GaN QW heterostructures which is screened even at low carrier 
concentrations.59 Also, S. Schulz et al., reported that the polarization potential in an InGaN/GaN 
quantum dot (QD) grown along the c-axis direction is strongly reduced compared to that in a quantum 
well (QW) of the same height.60 Especially for indium composition between 15% and 25%, assuming 
a lens-shaped InGaN/GaN QD with diameter d=20nm and height h=4nm, the total (spontaneous + 
piezoelectric) built-in potential dramatically decreased about zero potential value. In our graphene 
based MQW cases, indium composition was calculated as 24% using Vegard’s law with bowing 
parameter (b = 0.0057C/m2) from omega-2theta analysis result (not shown in here) and active layer 
thickness reached about 2nm. As a result, the graphene based InGaN/GaN MQW structures which are 
already screened at low current density regions (A zone) shows no emission wavelength shift in high 
current density regions (B zone). However, conventional MQWs showed about 40meV blue shift 
continuously at high current density region from low to high injection situations. It can be explained by 
band filling and charge screening effect. In conventional MQW case, it begins with band filling of 
localized energy states in MQWs. As current density increases, the number of carriers excited to the 
MQW regions is incremented to cancel the polarization induced field in the conventional MQWs. In 
results, it makes bands in the MQWs become less declined, and thus the radiative recombination in the 
MQW regions are accelerated at high current density. This phenomena is called as charge screening 
effect. 
In our low current injection case, spatially resolved CL intensity collected by a high-sensitivity 
photomultiplier tube (PMT) attached to a scanning electron microscopy (SEM). Emission area was 
maintained by 30μm x 20μm and beam current (IB) controlled by condense lens and gun brightness 
digits. The beam current ranges from 1pA to 1.7nA. 
In high current injection case, He-Cd 325nm laser power changed from 6mW to 30mW in PL system. 
To convert mW unit to A/cm2, we used below equations. 
 
  
 
 
 
 
 
 
 
 Goptical = Pexcitationɑ/(Ahv) 
P
excitation
 G
optical
 = I/(qV
active
)  [PL case] 
 
A = area of the laser spot 
ɑ = absorption coefficient of the InGaN QW 
q = elementary charge 
V
active
 = active region volume 
 
∴ 6 ~ 30mW →  0.088 ~ 0.44 A/cm
2
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(a)                        (b) 
 
 
 
 
 
(c)  
 
 
 
 
 
Figure 3-6. (a) Room-temperature PL data of MQWs on conventional GaN and graphene coating layer. 
(b) Arrhenius plot of temperature dependent PL in case of two different growth conditions. 
(c) Normalized PL spectra of power dependent PL from 6mW to 30mW. 
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Figure 3-7. SEM images of GaN on (a) low temperature GaN buffer layer and (b) graphene coating 
layer. Monochromatic CL mapping images of MQW structures on (c) GaN buffer layer and 
(d) graphene coating layer. Each images taken from 439nm and 451nm, respectively. All 
of samples are capped by 70nm p-GaN layer.  
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Figure 3-8. (a) Emission peak wavelengths of MQWs on graphene coating layer and conventional c-
plane MQWs as a function of excitation current density. (b) Schematic of the band diagram 
changes along the current density variation. 
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3. 3. Properties of Graphene double-sided InGaN/GaN Multiple Quantum Well structures 
 
Using high structural and optical quality of graphene based InGaN/GaN MQW structures, we 
transferred chemical vapor deposition (CVD) monolayer graphene onto the top of the p-GaN layer. 
Firstly, we probed that graphene buffer layer on the sapphire substrate to check Raman peak of DAS 
graphene. As reported previously, DAS graphene peak taken from a D band at ~1350cm-1 and a G band 
~ 1600cm-1, both of which are normally referred as nano-crystalline graphene peak positions38 [The 
ratio of ID of IG intensity was ~0.9, figure 3-8-(c)]. Secondly, to confirm transferred CVD graphene 
quality, graphene on the top of the p-GaN layer was investigated by Raman spectroscopy. In this case, 
additional 2D band at ~ 2700 cm-1 detected which corresponds to normal CVD monolayer graphene 
layer case [black colored spectrum showed p-GaN background Raman peak, figure 3-8-(b)]. To further 
study, transmittance of both DAS graphene and CVD monolayer graphene was analyzed by UV-VIS-
NIR spectroscopy developed from Agilent Corporation [figure 3-9-(a)]. Transmittance data of DAS 
graphene, DAS graphene with CVD graphene, and ITO (150nm) showed 89.83%, 87.50%, and 80.65% 
at 550nm, respectively. In DAS graphene with CVD graphene case, decrease of transmittance matched 
with reported common CVD monolayer graphene layer (-2.3%). For UV region, graphene showed 
relatively constant transmittance compare to ITO layer. Lastly, using graphene double-sided LED 
structures, I-V curve was obtained for electronic device applications. From the I-V curve results, 
graphene double-sided LED structures showed less forward voltage value at high voltage regions than 
graphene based MQW with metal anode case. It suggested that graphene based transparent electrode 
can be applied to future optoelectronic device applications. 
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Figure 3-9. (a) Schematic image of graphene double-sided InGaN/GaN MQW structures. (b) Raman 
spectra of bare p-GaN (blue) surface and CVD graphene/p-GaN (black) layer on MQW 
structures. (c) Raman spectrum of graphene coating layer using DAS method. 
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Figure 3-10. (a) Transmittance data of DAS graphene, DAS graphene with CVD graphene, and ITO 
(150nm). (b) I-V curves of graphene double-sided InGaN/GaN MQW structures compared 
to without graphene electrode layer. 
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Chapter 4 Conclusion. 
 
In this thesis, we demonstrated that the use of graphene as both buffer and transparent conducting 
layers enables the growth of high performance graphene double-side InGaN/GaN multiple quantum 
well (MOW) structures. An improved wetting behavior of the graphene as a ultrathin buffer layer allows 
the growth of the one-step grown GaN-based MQW structures. The InGaN/GaN MQW structures 
on graphene buffered GaN template show enhancement of indium phase separation with a 
rougher GaN surface than conventional MQW systems on two-step growth GaN films. The 
three-period InGaN/GaN MQW structure grown on GaN/graphene/sapphire heterosystem displayed 
high internal quantum efficiency and negligible emission wavelength peak shifts along the high 
current density change, which are similar characterization to polarization free QDs, making the 
use of one-step grown GaN-based MQW as ‘active layers’ possible in optoelectronic devices. In addition, 
a transferred chemical vapor deposition (CVD) monolayer graphene layer on the top of the p-GaN layer 
showed high transmittance and low forward voltage in device structures, suggesting great potentials for 
fungible transparent conductive electrodes in optoelectronic devices. 
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